ABSTRACT. Heat shock protein (HSP) 104 is a highly conserved molecular chaperone that catalyzes protein unfolding, disaggregation and degradation under stress conditions. We characterized HSP104 gene structure and expression in Trypanosoma cruzi, a protozoan parasite that causes Chagas' disease. The T. cruzi HSP104 is an 869 amino-acid protein encoded by a single-copy gene that has the highest sequence similarity (76%) with that of T. brucei and the lowest (23%) with that of the human protein. HSP104 transcripts were detected at room temperature, and levels increased after incubation at 37° or 40°C. The HSP104 protein was found at low levels in non-heat-shocked cells, and accumulated continuously up to 24 h at elevated temperatures. We developed a predicted structural model of hexameric T. cruzi HSP104, which showed some conserved features.
INTRODUCTION
Trypanosoma cruzi is a kinetoplastid protozoan parasite that causes Chagas' disease, affecting millions of people in Latin America (Coura and Borges-Pereira, 2010) . No vaccines are available at present, and the drugs currently used for treatment exhibit undesirable side effects. The genome sequence of this parasite was recently completed, and proteomic analysis of the different stages of T. cruzi has been carried out, providing important evidence of stage-specific expression of numerous genes (Atwood et al., 2005) . During its life cycle, T. cruzi, a digenetic parasite, undergoes several differentiation steps and a temperature shift when moving from the insect vector to the mammalian host, inducing heat shock proteins (HSPs) in the process (Rondinelli, 1994; Vonlaufen et al., 2008) . HSPs are molecular chaperones and proteases that are induced under stress conditions to maintain protein homeostasis, and function in the intracellular environment (Hartl and Hayer-Hartl, 2002) .
The HSP100 group of chaperone proteins, a member of the AAA+ superfamily of ATPases, is comprised of hexameric protein complexes that catalyze protein unfolding, disassembly, disaggregation, and degradation (reviewed in Doyle and Wickner, 2009 ). The group is subdivided into two classes based on domain organization. Class 1 proteins contain two nucleotide-binding domains (NBDs), and each member promotes either disaggregation or proteolysis. On the other hand, class 2 proteins have only one NBD and promote proteolysis. Bacterial ClpB and its eukaryotic ortholog, HSP104, are class 1 HSP100s that are characterized by the presence of a Walker-type NBD and that help organisms survive severe stress by being capable of disentangling even insoluble protein aggregates. Both ClpB and HSP104 are induced by heat shock and act in concert with DnaK and HSP70, respectively. In addition, these proteins are required for thermotolerance.
Several HSP genes have been characterized in trypanosomatids (Folgueira and Requena, 2007) . In T. cruzi, members of the HSP90 (Dragon et al., 1987) , HSP70 (Engman et al., 1989; de Carvalho et al., 1990 ), chaperonin (Giambiagi-de Marval et al., 1993 Fernandes et al., 2005) and small HSP (Pérez-Morales et al., 2009) families have been described. Of the HSP100 family, the HSP104 gene structure has been described in T. brucei (Gottesman et al., 1990) , Leishmania major (Hübel et al., 1995) , and L. donovani (Krobitsch et al., 1998) , while HSP104 gene expression has been characterized only in L. major (Hübel et al., 1995) and L. donovani (Krobitsch et al., 1998) . In this study, we investigated the gene structure and expression of T. cruzi HSP104.
MATERIAL AND METHODS

Parasites, culture conditions, and DNA sequence analysis
Epimastigote forms of the T. cruzi clone CL Brener (Cano et al., 1995) were maintained at 29°C in liver infusion tryptose medium supplemented with 10% bovine fetal serum, 0.025 mg/mL hemin, and 100 µg/mL ampicillin. All experiments described were performed on early exponential phase cultures. The T. cruzi HSP104 gene coding sequence (GenBank ID: HM014310) was obtained from the preliminary clone CL Brener genomic sequence data (http://TcruziDB.org) and completed by sequencing PCR-amplified genomic DNA fragments. Nucleotide and amino acid sequence analyses were performed using the Geneious Pro TM software (Drummond et al., 2011) .
Quantitative RT-PCR analysis
Total RNA was extracted using the RNeasy ® Mini-kit (Qiagen, Germany) according to manufacturer instructions. Real-time RT-PCR (qRT-PCR) assays were performed using the 7500 Real-Time PCR System (Applied Biosystems). Reverse transcription was performed from 1 µg total RNA treated with RQ1 RNase-free DNase (Promega) using random hexamer primers and M-MLV Reverse Transcriptase (Invitrogen). Amplifications of HSP104 sequences were performed in triplicate in 25-µL reactions using the Power SYBR Master Mix (Applied Biosystems) under the following conditions: 55°C for 2 min, 95°C for 10 min, and 40 cycles of 95°C for 30 s and 58°C for 60 s. The oligonucleotides 5ꞌ-ACGAGCGTCTAACGCTGAAGG-3ꞌ and 5ꞌ-CCGCTGCGCCGCTGGGTAGAA-3ꞌ were used as primers. PCR efficiency and specificity were evaluated using serial dilutions of the template cDNA and analyzing melting curve data. Enolase mRNA (primers: 5ꞌ-AACGGCCATTGAGAAGAAGGC-3ꞌ and 5ꞌ-TGCAGAACTTGGA TGCCTCGAT-3ꞌ) was used as an endogenous control, since its levels remain unchanged during heat shock (data not shown). Relative quantifications were done to determine the fold change in mRNA levels during heat shock. Normalized HSP104 mRNA levels were obtained for each temperature using the comparative CT method expressed by the formula 2
, where ΔCT is the difference between the respective CT of HSP104 mRNA and enolase mRNA in each experiment.
Western blot analysis
Western blots were performed as previously described (Kim et al., 1994) . Briefly, T. cruzi total protein extracts were separated on 10% SDS-PAGE and transferred to nitrocellulose membranes (Bio-Rad). Membranes were probed with anti-L. major HSP104 antibody (Hübel et al., 1995) (diluted 1:500) kindly provided by Dr. Joachim Clos (Bernhard Nocht Institute, Germany). Bound antibodies were detected with a rabbit anti-chicken secondary antibody coupled to peroxidase (diluted 1:10,000) and revealed using an ECL Plus kit (GE Healthcare) according to manufacturer instructions. Protein bands were stained with Coomassie brilliant blue.
Molecular modeling
The predicted 3-D model of T. cruzi HSP104 was obtained by comparative modeling based on the crystal structure of Thermus thermophilus ClpB (Lee et al., 2003) ; PDB ID: 1QVR. Sequence alignment and model building were carried out using MODELLER v6 (Sali and Blundell, 1993; Eswar et al., 2007) . Models were ranked by MODELLER, checked and validated using the PROCHECK program (Laskowski et al., 1993) , and analyzed with the Swiss-PDB Viewer (Guex and Peitsch, 1997) , PyMOL (Schrödinger, 2011) , and VMD (Humphrey et al., 1996) programs.
RESULTS AND DISCUSSION
Preliminary similarity searches of the publicly available T. cruzi genome revealed several HSP100-like sequences, two of which corresponded to partial HSP104-coding regions. Further analysis revealed a gap in the genome sequence, which was resolved by PCR amplification and sequencing of the corresponding genomic region (data not shown). The complete T. cruzi HSP104-coding region is 2604-nucleotides long and encodes an 869-amino acid protein (Figure 1) . Alignment with HSP104 sequences from other organisms showed that the T. cruzi sequence is conserved ( Figure 1A ) and contains domains characteristic of the HSP104 family, such as an N-terminal domain and Walker A-and B-type NBDs ( Figure 1B) . As expected, the T. cruzi sequence shared the highest degree of similarity with that of T. brucei (Gottesman et al., 1990) and L. major (Hübel et al., 1995) (76 and 73% identity, respectively) , and the lowest degree with the human protein (23%) ( Figure 1A) . The observed degree of similarity among trypanosomatids is an intermediate between highly conserved HSPs such as HSP70 (Engman et al., 1989) and HSP10 (Fernandes et al., 2005) , and less conserved HSPs such as HSP60 (Giambiagi-de Marval et al., 1993) and sHSP16 (Pérez-Morales et al., 2009) , and results from the conservation are mostly limited to the NBD regions. Interestingly, the T. cruzi sequence was more similar to that of the bacterium T. thermophilus than to that of yeast (55 and 47%, respectively), previously described for the Leishmania sequence (Hü-bel et al., 1995) as well as for kinetoplastid HSP78 proteins (Folgueira and Requena, 2007) , and possibly suggesting a mitochondrial function (Folgueira and Requena, 2007) . To investigate T. cruzi HSP104 gene expression, we detected HSP104 transcript levels by qRT-PCR in epimastigote cells incubated at different temperatures. As is frequently the case for HSP mRNAs in trypanosomatids (de Carvalho et al., 1990; Hübel et al., 1995; Krobitsch et al., 1998; Fernandes et al., 2005; Pérez-Morales et al., 2009 ), HSP104 transcripts were detected at normal temperatures (Figure 2A, open bar) . Transcript levels increased approximately 3-fold when the cells were incubated for 3 h at 37°C (Figure 2A , filled bar), but increased less than 2-fold at 40°C (Figure 2A, hatched bar) . A similar increase (2-to 3-fold) in HSP104 mRNA levels was detected at 34° and 37°C in L. major (Hübel et al., 1995) . To investigate HSP104 protein levels in heat-shocked epimastigote cells, we performed Western blot analysis of total protein extracts from cells incubated at 29°, 37°, and 40°C. As can be seen in Figure 2B , HSP104 was detected at low levels at normal temperatures, in agreement with what has been described in L. major (Hübel et al., 1995) and L. donovani (Krobitsch et al., 1998) . Incubation at 37°C for 3 h increased protein levels by approximately 2-fold, somewhat lower than the observed increase in mRNA levels (Figure 2A and B) . Further incubation for up to 24 h at the same temperature gradually increased the abundance of the protein, suggesting continuous synthesis throughout the incubation period. These results are also in agreement with what has been described in L. major (Hübel et al., 1995) . Although T. cruzi cells cannot withstand prolonged incubation at 40°C, heat treatment at 40°C for 3 h led to increased levels of the HSP104 protein, similar to the corresponding increase in mRNA level (Figure 2A and B) . Induction of HSP70 in T. cruzi also results from an increase in both mRNA and protein levels during heat shock (de Carvalho et al., 1990) , and modulation of both mRNA stability and translation have been described as gene regulatory mechanisms (de Carvalho et al., 1990; Rodrigues et al., 2010) . Further study will be required to identify the regulatory mechanisms of HSP104 gene expression in this organism. The T. cruzi HSP104 is a large protein complex where each monomer comprises 869 amino acids, probably organized as a hexamer comprising more than 5000 amino acids. Since the protein of this parasite is markedly different from the human ortholog (see alignment in Figure 1A ), investigating the structural aspects of T. cruzi HSP104 may be relevant to potential drug or vaccine targets. However, determination of the full-3-D structure of such a large complex by X-ray diffraction is not yet available in structure databases. We therefore decided to construct the T. cruzi HSP104 3-D model using the comparative modeling technique (Martí-Renom et al., 2000; Eswar et al., 2008) . We used the crystallographic structure at 3.0-Å resolution of a subunit of the T. thermophilus ClpB hexamer as the template. The sequence alignment between T. cruzi HSP104 and T. thermophilus ClpB was calculated using the align2d module of MODELLER, a global dynamic programming algorithm that takes into account structural information from the template when constructing the alignment (Eswar et al., 2007) . The sequences shared 51% amino acid identity, 70% amino acid similarity, and more than 99% sequence coverage. We used MODELLER to construct candidate structures, and the selected structures had the maximum GA341 score of 1.0. The candidate structures were ranked using the Discrete Optimized Protein Energy (DOPE) score and PROCHECK. The Ramachandran plot for the best 3-D model for T. cruzi HSP104 showed 91.3% of residues in the favored region, 7.3% in additional allowed regions, 1.2% in generously allowed regions, and 0.3% (two residues) in disallowed regions, which should be considered a very good model. Finally, using the crystal symmetry of the template, we were able to construct a model for the T. cruzi HSP104 hexamer, as shown in Figure 3A . Figure 1B : N-terminal domain in yellow, D1-large domain in light blue, D1-small domain in dark blue, ClpB/Hsp104-linker in purple, D2-large domain in green, and D2-small domain in pink.
The structure of this ClpB chaperone may be divided into five distinct domains as proposed for the ClpB protein from T. thermophilus (Lee et al., 2003) . These domains are represented in the protein sequence in Figure 1B and in the T. cruzi HSP104 monomer model in Figure 3B : N-terminal domain (yellow); D1-large domain or NBD1 (light blue); D1-small domain (dark blue); ClpB/Hsp104-linker (purple); D2-large domain or NBD2 (green), and R.A. Campos et al.
D2-small domain (pink), containing motif 1 and motif 2 leucine-rich regions, which have an important function in the disaggregation and solubilization of other proteins. The structural similarity implied by the amino acid sequence similarity suggests the expected functional conservation between T. cruzi HSP104 and T. thermophilus ClpB. Additional studies should improve our understanding of HSP104 function in this organism.
